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Abstract
The shocks of several young supernova remnants (SNR) are often associated with very thin optical filaments dominated by Balmer
emission resulting from charge-exchange and collisional excitation between neutral Hydrogen from the interstellar medium and
shocked protons and electrons. Optical lines are a direct probe of the conditions at the shock, in particular the width of the narrow
and broad components reflect the temperature upstream and downstream of the shock, respectively. When the shock accelerate
efficiently non-thermal particles, the shock structure changes producing anomalous Balmer lines and it is possible to use their line
shape and their spatial profile to check the efficiency of SNR shocks in accelerating cosmic rays. Here we illustrate the kinetic
theory of shock acceleration in presence of neutrals with some applications to young SNRs. We show that in three cases (RCW 86,
SNR 0509-67.5 and Tycho) anomalous Balmer lines can be explained assuming that a fraction of ∼ 10% of the total shock kinetic
energy is converted into not thermal particles, while in one single case, the northwestern part of SN 1006, there is no evidence of
efficient acceleration.
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1. Introduction
In the context of supernova remnant (SNR) paradigm
for the origin of cosmic rays (CR), particle accelera-
tion takes place at shocks associated with the super-
nova explosion, and it is described by the non linear
theory of diffusive shock acceleration (see [1] for a re-
view). Energy and momentum conservation at the shock
in the presence of accelerated particles leads to two
straightforward conclusions: 1) since part of the energy
is channeled into particle acceleration, the thermal en-
ergy (hence the temperature) of the downstream gas is
expected to be lower than in the absence of CRs; 2)
the dynamical reaction of CRs induces the formation
of a precursor upstream of the shock, which results in
a deviation of the CR spectrum from a simple power-
law behavior. Optical spectra observed from so called
Balmer dominated shocks can be used to test these pre-
dictions. In fact some young SNR shocks emit optical
lines mainly consisting of Balmer Hα emission.
The first detection of bright Hα filaments around the
remnants of Kepler, Tycho and the Cygnus Loop was re-
ported by [2]. A peculiarity of this emission is the weak-
ness of forbidden metal lines which implies an high
temperature of the emitting region so that radiative cool-
ing and recombination are unimportant. The interpreta-
tion of such optical emission remained a mystery up to
the seminal works of [3, 4] who proposed that it can
be produced by shocks propagating thorough a partially
neutral gas. Their model was able to explain the inten-
sity, spectrum and width of the filaments observed in
Tycho’s SNR, including the weakness of the forbidden
metal lines. A peculiarity of Balmer dominated shocks,
firstly reported by [4] for the Tycho’s SNR, is that the
Hα line is formed by two distinct components, a narrow
line with a FWHM of few tens km/s and a broad line
with a FWHM of the order of the shock speed. Sim-
ilar optical profiles are now observed from a bunch of
young SNRs both in the Galaxy and in the Large Mag-
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ellanic Cloud (for a review see [5]).
SNR shocks are collisionless and when they propa-
gates in partially ionized medium, only ions are heated
up and slowed down, while neutral atoms are unaffected
to first approximation. However, when a velocity dif-
ference is established between ions and neutrals in the
downstream of the shock, the processes of charge ex-
change (CE) and ionization are activated and this ex-
plain the existence of two distinct lines: the narrow
line is emitted by direct excitation of neutral hydro-
gen after entering the shock front while the broad line
results from the excitation of hot hydrogen population
produced by CE of cold hydrogen with hot shocked pro-
tons. As a consequence, optical lines are a direct probe
of the conditions at the shock, in particular the width
of the narrow and broad components reflect the temper-
ature upstream and downstream of the shock, respec-
tively. Now, as already pointed out, if the shock accel-
erate particles efficiently, the shock’s structure will be
modified, altering the plasma temperature and inducing
the formation of a CR precursor. Hence, Balmer emis-
sion could be used to provide an indirect measurement
of the CR acceleration efficiency and even to gather in-
formation on the CR induced precursor.
The first clue that Balmer emission could provide
evidence for the presence of accelerated particles was
put forward as a possible way to explain the anoma-
lous width of narrow Balmer lines reported for the first
time by [6] and [7]: FWHM ranging from 30 to 50 km
s−1 was detected for four SNRs in the LMC and for the
Cygnus Loop, implying a pre-shock temperature around
25,000-50,000 K. Values in the same range have been
reported afterwards for other SNRs (see, e.g.[8]). If this
were the ISM equilibrium temperature there would be
no atomic hydrogen, implying that the pre-shock hy-
drogen is heated by some form of shock precursor in a
region that is sufficiently thin so that collisional ioniza-
tion equilibrium cannot be established before the shock.
Several explanations for this anomaly were proposed
but only two of them was considered realistic: 1) the
neutral-induced precursor and 2) the CR-induced pre-
cursor.
Let us comment the former possibility first. When
fast, cold neutrals undergo CE interactions with the
slower hot ions downstream of the shock, some frac-
tion of the resulting hot neutrals can cross the shock
and move upstream. The relative velocity between these
hot neutrals and the upstream ions triggers the onset
of CE and ionization interactions that lead to the heat-
ing and slowing down of the ionized component of the
upstream fluid. The system then tends to develop a
neutral-induced shock precursor, in which the fluid ve-
locity gradually decreases, and even more important, the
temperature of ions increases as a result of the energy
and momentum deposition of returning neutrals. A first
attempt at investigating the broadening of the narrow
line component induced by the neutral precursor was
made by [9], using a simplified Boltzmann equation for
neutrals, but their calculation does not show any appre-
ciable change of the narrow line width. This conclu-
sion was confirmed by [10, 11], using a fully kinetic ap-
proach able to describe the interaction between neutrals
and ions in a more accurate way. The physical reason is
that the ionization length-scale of returning hot neutrals
in the upstream is always smaller than the CE length-
scale of incoming cold neutrals. Interestingly enough,
[11] showed that the neutral precursor could produce a
different signature, namely the presence of a third inter-
mediate Balmer line due to hydrogen atoms that under-
gone charge exchange with warm protons in the neutral
precursor.
The second and more promising possibilities to ex-
plain the anomalous width of narrow lines requires ef-
ficient particle acceleration which leads to the forma-
tion of a CR-induced precursor, where ionized plasma
is heated before crossing the shock. If the precursor
is large enough, CE can occur upstream leading to a
broader narrow Balmer line. The first attempt to model
this scenario was done by [12] using a two-fluid ap-
proach to treat ions and CRs but neglecting the dynam-
ical role of neutrals. A different model was proposed
by [13] where momentum and energy transfer between
ions and neutrals is included, but the profile of the CR-
precursor is assumed a-priori . Both works concluded
that the observed width of 30-50 km s−1 can be ex-
plained using a low CR acceleration efficiency.
From the theoretical point of view, the main diffi-
culty in describing the structure of a collisionless shock
propagating in a partially ionized medium is that neu-
trals have no time to reach thermalization and cannot be
treated as a fluid. Steps forward in relaxing the fluid
assumption have been made by [14] and [15], even if
these works neglect the modification induced by neu-
trals upstream of the shock. A more reliable interpreta-
tion of Balmer line profile requires an accurate descrip-
tion of the CR acceleration process where the mutual
interplay between CRs, neutrals, ionized plasma and
magnetic turbulence is simultaneously taken into ac-
count. Such an approach has been developed by [16]
using a semi-analytical technique. This work showed
that the main physical effect able to broaden the nar-
row line is the damping of magnetic turbulence in the
CR precursor while the adiabatic compression alone is
ineffective. Hence the observed widths are compatible
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also with large acceleration efficiency provided the right
level of magnetic damping.
Efficient CR acceleration can also affect the width of
broad lines. In fact, when a sizable fraction of the ram
pressure is channeled into non-thermal particles, the
plasma temperature behind the shock is expected to be
lower, and this should reflect in a narrower width of the
broad Hα line. Remarkably, there are clues of this phe-
nomenon in two different remnants, RCW 86 [17, 18],
and SNR 0509-67.5 in the LMC [19, 20]. In both cases
the measured FWHM of the broad lines is compatible
with theoretical predictions only assuming fast electron-
proton equilibration downstream of the shock, a con-
clusion which seems to be at odds with both theoretical
models and observations [21].
2. The kinetic approach
Here we summarize the kinetic model for shock par-
ticle acceleration in presence of neutrals developed in
[10, 11, 16]. We consider a stationary system with a
plane-parallel shock wave propagating in a partially ion-
ized proton-electron plasma with velocity Vsh along the
z direction. The fraction of neutral hydrogen is fixed at
upstream infinity where ions and neutrals are assumed
to be in thermal equilibrium with each other. The shock
structure is determined by the interaction of CRs and
neutrals with the background plasma. Both CRs and
neutrals profoundly change the shock structure, espe-
cially upstream where both create a precursor: the CR-
induced precursor reflects the diffusion properties of ac-
celerated particles and has a typical spatial scale of the
order of the diffusion length of the highest energy parti-
cles. The neutral-induced precursor develops on a spa-
tial scale comparable with a few interaction lengths of
the dominant process between CE and ionization. The
downstream region is also affected by the presence of
both CRs and neutrals and the velocity gradients that
arise from ionization have a direct influence on the spec-
trum of accelerated particles. A self consistent descrip-
tion of shock particle acceleration in presence of neutral
Hydrogen, requires to consider four mutually interact-
ing components: thermal particles (protons and elec-
trons), neutrals (hydrogen), accelerated protons (CRs)
and turbulent magnetic field. We neglect the presence
of helium and heavier chemical elements. The interac-
tion terms make the system highly non linear and the
solution is found using a iterative scheme similar to the
one we introduced in some previous works [22, 23, 10].
Let us start with the description of neutrals. The main
difficulty arises from the fact that neutrals cannot be de-
scribed as a fluid, because in the downstream the colli-
sional ionization length is smaller than the equilibration
length. Hence neutrals are described kinetically, using
the stationary Boltzmann equation to calculate the evo-
lution of the velocity distribution function, fN(~v, z),
vz
∂ fN(~v, z)
∂z
= βN fi(~v, z) − [βi + βe] fN (~v, z) , (1)
where z is the distance from the shock (which is located
at the origin), vz is the velocity component along the z
axis and the electron and proton distribution functions,
fi(~v, z) and fe(~v, z), are assumed to be Maxwellian at
each position. The collisional terms, βk fl, describe the
interaction (due to CE and/or ionization) between the
species k and l. The interaction rate βk is formally writ-
ten as
βk(~v, z) =
∫
d3w vrel σ(~vrel) fk(~w, z) , (2)
where vrel = |~v − ~w| and σ is the cross section for the
relevant interaction process. More precisely, βN is the
rate of CE of an ion that becomes a neutral, βi is the rate
of CE plus ionization of a neutral due to collisions with
protons, while βe is the ionization rate of neutrals due to
collisions with electrons. A full description of the cross
sections used in the calculations can be found in [11].
The isotropic distribution function of CRs satisfies
the following transport equation in the reference frame
of the shock:
∂
∂z
[
D(z, p)∂ f
∂z
]
−u
∂ f
∂z
+
1
3
du
dz p
∂ f
∂p
+Q(z, p) = 0 .(3)
The z-axis is oriented from upstream infinity (z = −∞)
to downstream infinity (z = +∞) with the shock located
at z = 0. We assume that the injection occurs only at the
shock position and is monoenergetic at p = pinj. The
diffusion properties of particles are described by the dif-
fusion coefficient D(z, p). We assume Bohm diffusion in
the local amplified magnetic field:
D(z, p) = 13crL[δB(z)] , (4)
where rL(δB) = pc/[eδB(z)] is the Larmor radius in the
amplified magnetic field. The calculation of δB is de-
scribed assuming that the only turbulence which scat-
ters particles is the one self-generated by the particles
themselves through the resonant streaming instability.
These waves are also damped due to several processes.
In particular, when the plasma is not fully ionized, the
presence of neutrals can damp Alfve`n waves via ion-
neutral damping. The equation for transport of waves
can be written as:
∂zFw = u(z) ∂zPw + Pw [σCR(k, z) − ΓTH(k, z)] , (5)
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where Fw(k, z) and Pw(k, z) are, respectively, the energy
flux and the pressure per unit logarithmic bandwidth of
waves with wavenumber k. σ is the growth rate of mag-
netic turbulence, while ΓTH is the damping rate. For
resonant wave amplification the growth rate of Alfve´n
waves is:
σCR(k, x) = 4π3
vA(x)
Pw(k, x)
[
p4v(p)∂ f
∂x
]
p=p¯(k)
, (6)
where p = p¯(k) = eB/kmpc is the resonant momen-
tum. The damping of the waves is mainly due to non-
linear Landau damping and ion-neutral damping. For
the sake of simplicity here we adopt a phenomenologi-
cal approach in which the damping results in a generic
turbulent heating (TH) at a rate ΓTH = ηTHσCR. This
expression assumes that a fraction ηTH of the power in
amplified waves is locally damped and results in heating
of the background plasma.
Finally we need to describe the dynamics of the back-
ground plasma which is affected by the presence of ac-
celerated particles and by CE and ionization of neu-
trals. Protons and electrons in the plasma are assumed
to share the same local density, ρi(z) = ρe(z), but not
necessarily the same temperature, i.e., Ti(z) may be dif-
ferent from Te(z). The equations describing the conser-
vation of mass, momentum and energy taking into ac-
count the interactions of the plasma fluid with CRs are:
∂
∂z
[
ρiui + µN
]
= 0 , (7)
∂
∂z
[
ρiu
2
i + Pg + Pc + Pw + PN
]
= 0 , (8)
∂
∂z
[
1
2ρiu
3
i +
γgPgui
γg − 1
+ Fw + FN
]
= −ui
∂Pc
∂z
+ΓPw .(9)
Here µN = mH
∫
d3vv‖ fN , PN = mH
∫
d3vv2
‖
fN and
FN = mH/2
∫
d3vv‖(v2‖ + v2⊥) fN are respectively the
fluxes of mass, momentum and energy of neutrals along
the z direction (labelled as ‖). They can be easily com-
puted once the neutral distribution function is known.
Pw and Fw are the pressure and energy flux of waves,
while Pc is the CR pressure computed from the CR dis-
tribution function:
Pc(z) = 4π3
∫
dp p3v(p) f (z, p) . (10)
The dynamical role of electrons in the conservation
equations is usually neglected due to their small mass.
However, collective plasma processes could contribute
to equilibrate electron and proton temperatures, at least
partially. If the equilibration occurs in a very efficient
manner, the electron pressure cannot be neglected and
the total gas pressure needs to include both the proton
and electron contributions, namely Pg = Pi + Pe =
Pi(1 + β), where β(z) ≡ Te/Ti is the electron to proton
temperature ratio and is taken here as a free parameter.
While it is well established that electron-ion equilibra-
tion in the downstream might be only partial [24, 25], in
the presence of a precursor (either induced by the CRs
or by the neutrals), also upstream of the shock the level
of equilibration becomes an unknown.
In order to solve the set of non-linear equations in-
volving neutrals, ions, CRs and magnetic field, we adopt
an iterative method that is fully described in [16]. The
input quantities are the values of the shock velocity and
all environmental quantities at upstream infinity, where
the distribution function of neutrals is assumed to be
Maxwellian at the same temperature as that of ions. At
the end the calculation provides the distribution function
of neutrals as well as the spatial and velocity profile of
Balmer emission.
3. CR-precursor vs. neutral-precursor
The formalism presented above represents the first
theory of particle acceleration at collisionless shocks in
the presence of neutral atoms and allows us to calculate
the shock structure, the spectrum of accelerated parti-
cles and the Balmer emission from the shock region.
A good way to visualize the modification induced on
the shock by the presence of both neutrals and CRs is
to look at the temperature profile of ions in the shock
region. In the top panel of Fig. 1 we compare the tem-
perature profile for a case with and without CRs. We
chose a test case with values of parameters typical of
a SNR expanding in the cold ISM, at the beginning of
the Sedof-Taylor phase, i.e. Vsh = 4000 km s−1, total
ISM density of 0.1 cm−3 with 50% of ionization fraction
and temperature TISM = 104 K. The black-tick solid line
shows the temperature profile without CRs: the temper-
ature increase produced ahead of the shock, on the scale
of ∼ 1017 cm is entirely due to the return flux of neu-
trals which deposit upstream a fraction of energy sub-
tracted from the downstream. Indeed the length-scale
corresponds to the collisional ionization length of re-
turning neutrals with upstream ions. The remaining thin
curves show the case when CR acceleration is turned
on. For all these curves we assume the same accelera-
tion efficiency of 40% (determined by the injection pa-
rameter ξinj = 3.5) and the same maximum proton en-
ergy of 50 TeV, but we change the damping efficiency
of magnetic turbulence. When the damping is absent,
4
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Figure 1. Temperature of the plasma in the shock region for Vsh =
4000 km s−1, n0 = 0.1 cm−3, hN = 0.5 andB0 = 10 µG. When CR
acceleration is turned on, we assume ξinj = 3.5 and pmax = 50 TeV/c.
The thick solid (black) line refers to the case with no CRs. The thin
(red) solid line refers to the case with CRs but no damping of magnetic
turbulence (i.e. ηTH=0). The remaining thin curves are calculated for
increasing values of ηTH, as labelled. The dashed and dotted rectan-
gles mark the CR and the neutral-induced precursor, respectively.
the temperature profile is only slightly different from
the case without CRs, the difference being due to the
adiabatic compression produced by the CR pressure,
while, when the damping is turned on, the temperature
increases in the whole CR-precursor in a way propor-
tional to the amount of damping. Notice that the typical
CR-precursor length is D(pmax)/Vsh ≈ 4×1018δB−1µG cm,
where δB is the amplitude of Alfve´n waves which res-
onate with particles at p = pmax. We further notice that
all cases with efficient CR acceleration have a tempera-
ture in the downstream smaller than ∼ 40% with respect
to the case without CRs.
The shape of the spatially-integrated Balmer line
emission is plotted in the top panel of Fig. 2, while the
bottom panel shows a zoom in the region of the narrow
Balmer lines. The curves refer to the same cases as in
Fig. 1, labelled as indicated. The width of the broad
component of the Balmer line is appreciably reduced
when CR acceleration is turned on, but the results are
not sensitive to the amount of TH. On the other hand, the
narrow Balmer line becomes broader when CR accel-
eration is efficient; the effect is more pronounced when
non-negligible TH is taken into account. Hence, the dis-
tribution function of neutrals becomes broader mainly
because of the scattering with a warmer ion distribution
in the far precursor (i.e., where TH is more effective),
rather than because of the neutral return flux, which op-
erates only within a few CE interaction lengths from the
sub-shock.
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Figure 2. Volume-integrated line profile of Balmer emission for the
same cases shown in Fig. 1. The lower panel shows a zoom in of the
narrow line region, showed with a shadow box in the top panel. The
thick solid line shows the case without CRs, while different thin lines
are calculated at fixed ξinj = 3.5 and for different values of the TH
efficiency as labelled.
4. Application to young SNRs
In this paragraph we compare the results of the ki-
netic theory for Balmer dominated shocks with few no-
ticeable cases of young SNRs. We concentrate only on
the two more direct observables from Balmer emission,
namely the width of the spatially-integrated broad and
narrow lines. Other possible observables, like the spa-
tial profile, the intermediate line or the narrow-to-broad
intensity ratio could also be used but, in order to con-
straint the model, we need more accurate data that the
ones available in the literature up to know. In the follow
we analyze the broad Balmer emission from three rem-
nants, SN 1006, RCW 86 and SNR 0509-65.7, while
for the narrow line we show only one single case, the
Tycho’s remnant.
The width of the broad Balmer line is probably the
most powerful tool to infer the presence of non-thermal
5
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Figure 3. Measured FWHM of the broad Balmer line as a function of
the shock speed for three different remnant: RCW 86 (three different
locations, one in the northeast (open circle) and two location in the
southeast (filled square), data from [17] assuming a distance from the
remnant of 2.5 kpc); northwest rim of SN 1006 [27]; southwest rim of
SNR 0509-67.5 (the FWHM is taken from [19] while the uncertainty
on Vsh is taken from the theoretical model in [20]). Lines show the
theoretical prediction without CR acceleration for different values of
electron to proton temperature ratio in the downstream [16].
particles. If the velocity of the shock is known, the
width of the broad line depends mainly on two factor:
the electron-to-proton temperature ratio, and the CR ac-
celeration efficiency, while it does not depend on the
total ISM density and has a weak dependence on the
ionization fraction. In Fig. 3 we show the theoretical
prediction of the FWHM of the broad lines as a function
of the shock speed and for different value of Te/Tp, in
the absence of CRs. The plot also shows the data for the
three SNRs mentioned above. When measured data lie
between the top and the bottom lines, they are in prin-
ciple compatible with the absence of CRs, unless one is
able to measure the electron temperature, breaking the
degeneracy between different lines. In the following we
discuss separately each single remnant.
4.1. SN 1006
The remnant of SN 1006 is a special case in that it
presents hints of efficient particle acceleration only in
the northeastern (NE) and in the southwestern (SW) re-
gions. Here non-thermal X-ray have been detected, con-
centrated in thin filaments. As extensively discussed
in literature, the thickness of X-ray filaments is inter-
preted as due to rapid synchrotron losses of electrons
in a strong magnetic field (∼ 100µG), which could be
produced by CR-induced amplification (if the CR ac-
celeration is efficient). Moreover the same regions have
been detected in γ-rays emission [26]. A further indi-
rect indication supporting efficient CR acceleration is
the distance between the contact discontinuity and the
forward shock, which is smaller in the NE and SW with
respect to the rest of the remnant. In fact, when a non
negligible fraction of the shock kinetic energy is con-
verted into CRs, the downstream plasma become more
compressible and a reduced distance is expected.
Now, data for the FWHM of the broad Blamer line
shown in Fig. 3 (shaded box) are taken from the NW re-
gion [27] where none of the above signatures have been
detected. Remarkably enough, the detected FWHM is
fully compatible with theoretical expectation without
CRs and assuming a low level of electron-proton equi-
libration (Te/Tp < 0.2). This conclusion is further sup-
ported by the width of the narrow Balmer line which,
in the NW region, is 21 km s−1 [8], corresponding to
an ISM temperature of 104 K, compatible with absence
of a CR precursor. It would be extremely interesting
to measure the width of Balmer lines also from the NE
and the SW, but the emission in those regions is so faint
that tens of hours of observation are needed to reach the
required signal to noise ratio.
4.2. RCW 86
RCW 86 is a shell like SNR and a γ-ray source, de-
tected both in GeV range by FermiLAT and in the TeV
range by HESS. The NE part also shows non-thermal X-
rays, suggesting a possible efficient production of CRs.
The remnant presents many Balmer filaments around
the external shell and, recently, the proper motion and
the line width of these filaments have been measured
[17]. Here we summarize the results presented in [18],
where the analysis has been concentrated on the east-
ern part of the remnant because this is the region show-
ing the highest shock speed, hence the one with a larger
probability to accelerate CRs. Because the proper mo-
tion is known, the results depends on the assumed dis-
tance from us, which is very uncertain, but generally
bound between 2 and 3 kpc. The most quoted value in
literature is 2.5 kpc, which will be used in the following
discussion. The three data points shown in Fig. 4 repre-
sent the FWHM measured in three different regions of
the eastern part of the remnant by [28]. The error bars in
the shock speed reflect the error in the measured proper
motion. The three point seem to be marginally compati-
ble with absence of CR acceleration if we assume a full
electron-proton equilibration. On the other hand this as-
sumption is at odd with the results by [28], where, using
the thermal X-ray emission, the authors were able to in-
fer the electron temperature in the same regions where
the Balmer lines have been detected. These values can
6
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Figure 4. FWHM measured in three different regions of the eastern
part of RCW 86 by [28] (see their Fig. 3). Lines show the theoretical
prediction without CRs as in Fig. 3. The filled circles show the value
that the FWHM should have in these three locations if one account
for the measured electron temperature and if no efficient acceleration
were present.
be used as upper limits for the electron temperature be-
hind the shock, because they are obtained integrating
onto a large region in the downstream where Coulomb
collisions can enhance the electron temperature. This
information allows us to fix an upper limit to the value
of Te/Tp and to break the degeneracy between different
theoretical curves. We get Te/Tp . 0.1 and in Fig. 4 we
show, with filled circles, what should be the positions
of the measured FWHM if the constrain on the electron
temperature is taken into account (always assuming a
distance of 2.5 kpc). Hence, to explain the measured
value of the FWHM, we conclude that a fraction ∼ 20%
of the shock energy is converted into non-thermal parti-
cles. On the other hand, if we consider the uncertainty
on the distance, the above value ranges between few per
cent to 40% for d = 2 and 3 kpc, respectively.
An important remark is in order. The shock speed in-
ferred for RCW 86 is relatively low, being < 2000 km
s−1, hence we do not expect particles accelerated up to
very high energies. Moreover, if the neutral fraction is
> 10%, for such low shock speed the neutral return flux
could be strong enough to affect the acceleration in the
direction to make the spectrum steeper, to the point that
the non-thermal energy is dominated by particles with
a momentum close to the injection momentum. If this
were the case, the γ-ray spectrum observed by Fermi-
LAT and HESS could not be explained by hadronic in-
teraction, but is more probably due to electron inverse-
Compton, has suggested in [29] on the basis of the hard
spectrum measured by FermiLAT.
4.3. SNR 0509-67.5
The Balmer emission from SNR 0509-67.5 has been
studied in [20]. SNR 0509-67.5 is located in the LMC,
so that its distance from the Sun is known to be 50 ± 1
kpc. At the moment there are no published measure-
ments for the shock proper motion, but the shock speed
can be inferred from evolution models taking into ac-
count the measured size of the remnant and its age,
which is estimated from the light echo to be 400 ± 120
yr. The point showed in Fig. 3 refers to the FWHM
measured in the SW rim of the remnant[19], and the
uncertainty in the shock speed correspond to the theo-
retical estimate done in [20]. Unfortunately the big un-
certainty in the determination of the shock speed pre-
vents a firm conclusion on the CR acceleration effi-
ciency. If the shock moves faster than ∼ 4500 km s−1,
one can conclude that particle acceleration must be tak-
ing place with an efficiency of several tens of percent.
For lower shock velocity the evidence of particle accel-
eration becomes less clear because of the uncertainty
in the electron-ion equilibrium downstream. We can
speculate that if Te/Tp is as low as the value inferred
in SN 1006, than the acceleration efficiency of the SW
rim should be & 10%. It is worth noting that this spec-
ulation is suggested by indirect measurements of the
electron-ion equilibration made in several remnants us-
ing different techniques, which point towards an inverse
relation between the electron-to-ion temperature ratio
and the shock speed [21]. On the other hand none of
these measurement has been done for SNR 0509-67.5
up to now.
4.4. Tycho
The Tycho’s SNR is the best known candidate where
to look for efficient CR acceleration mainly because the
observed γ-ray spectrum is very steep and is difficult
to explain it using leptonic processes, while pion decay
produced in hadronic collisions can fit the observations
very well, assuming a CR acceleration efficiency∼ 10%
[30]. Moreover many other observations can be simulta-
neously explained in the framework of non-linear shock
acceleration using the same level of efficiency (namely
Radio and X-ray spectrum, radio end X-ray morphol-
ogy, distance between contact discontinuity and forward
shock). Unfortunately the Balmer emission in Tycho is
faint even if it is present all over around the remnant. In
spite of this there is a small region of the shock, called
knot-g where the Balmer emission is enhanced, proba-
bly due to a larger ISM density in that region. These re-
gion has been analyzed by several authors and presents
two interesting anomalies which could be related to ef-
ficient acceleration.
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1) A gradual increase of Hα intensity has been mea-
sured just ahead of the shock front [31]. This has been
interpreted as emission from the thin shock precursor
(∼ 1′′ which implies a thickness of ∼ 3 × 1016 cm for a
distance of 3 kpc) likely due to CRs. If confirmed, this
detection would represent the first direct proof of the
existence of a CR precursor. On the other, hand Balmer
emission from the upstream can be produced also by
the neutral-induced precursor, as showed in [11], and,
in order to distinguish between these two possibilities,
a careful modeling of the shock is required, taking into
account the the complex interaction between the CR and
the neutral induced precursor. At the moment the most
promising technique seems to be the kinetic theory de-
veloped in [16].
2) The FWHM of the narrow component has been
measured to be 44 ± 4 km s−1 [8]. Such values imply-
ing a pre-shock temperature between 36,000 and 52,000
K. If this were the ISM equilibrium temperature there
would be no atomic hydrogen, implying that the pre-
shock hydrogen is heated by some form of shock precur-
sor in a region that is sufficiently thin so as to make col-
lisional ionization equilibrium before the shock unfeasi-
ble. The CR precursor is the most plausible candidate to
explain such a broadening of the narrow line width. To
support this statement in Fig. 5 we compare the value
measured from the knot-g in Tycho with the theoreti-
cal expectation calculated using the kinetic theory. The
FWHM of the narrow Balmer line is plotted as a func-
tion of the maximum momentum pmax and for three dif-
ferent value od the turbulent heating ηTH = 0.2, 0.5 and
0.8 (from top to bottom panel). The three curves in each
panel are obtained for ξinj = 3.5, 3.7, 3.8, which ap-
proximately correspond to ǫCR = 0.4, 0.2 and 0.1 for
the chosed value of the shock velocity and total density,
i.e. Vsh = 4000 km s−1 and n0 = 0.1 cm−3. The maxi-
mum momentum, pmax determines the spatial extent of
the CR-induced precursor. Larger values of pmax im-
ply that there is more time (space) for depositing heat in
the upstream, and the width of the narrow Balmer line
broadens correspondingly. The effect becomes more
pronounced for larger values of the parameter ηTH. The
number of free parameters is too large and the FWHM
of the narrow line alone cannot be used to constrain
none of them. Nevertheless, the FWHM is an increasing
function of all the three parameters, pmax, ηTH and ǫCR,
hence if the shock speed, the upstream density and neu-
tral fraction are known, we can put lower limit to these
parameters. Following this procedure, in the case of Ty-
cho we get: pmax & 40 TeV, ηTH & 0.2 and ǫCR & 10%.
Figure 5. FWHM of the narrow line as a function of the maxi-
mum momentum of accelerated protons. The three panels refer to
ηTH = 0.2, 0.5 and 0.8. Each panel shows three lines calculated as-
suming different injection parameter, ξinj = 3.5, 3.7 and 3.8 which ap-
proximately correspond to ǫCR = 0.4, 0.2 and 0.1. The shock speed is
4000 km s−1, the total density 0.1 cm−3 with 50% of neutral fraction.
The shadow band represent the FWHM measured from the knot-g in
the Tycho’s SNR.
5. Conclusions
The quest for the origin of Galactic CRs remains
open. The search for their origin is difficult and all new
observational input need to be considered very care-
fully. Based mainly on the detection of gamma rays
from several SNRs and on the morphology of the X-
ray emission, which suggests strong magnetic field am-
plification, SNRs are considered, now more than ever
before, as the most likely source of the bulk of CRs.
Because the shocks produced by SN explosions often
propagate in partially ionized gas, the emission lines
of neutral hydrogen have recently been recognized as
a possible diagnostic tool for CRs. There are three dif-
ferent signatures in the Balmer emission which could
reveal the presence of CRs: 1) a shock that is acceler-
ating particles is expected to be less effective in heating
the background plasma, which is reflected in a Balmer-
line emission with a smaller width than in the absence
of CR acceleration; 2) the presence of a CR precursor
upstream of the shock could heat the upstream plasma
on a scale larger than the charge-exchange length but
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small than the ionization length, resulting in a larger
width for the Balmer narrow line; 3) if the heating of the
upstream plasma (especially electrons) is large enough,
the collisional excitation between electrons and Hydro-
gen atoms can produce Balmer emission also from the
region ahead of the shock.
Remarkably all these signatures has been observed
in some SNRs. Here we summarized the results ob-
tained by the kinetic theory of collisionless shocks in the
presence of neutral hydrogen developed in [10, 11, 16]
comparing the theoretical predictions with data on the
Balmer line emission from four SNRs: SN 1006, RCW
86, SNR 0509-67.5 and Tycho. While the NW region
of SN 1006 is compatible with absence of CR accelera-
tion, the other three remnants presents anomalies in the
Balmer lies which can be explained assuming an accel-
eration efficiency around ∼ 10% which is remarkably
the amount of efficiency required for SNRs to be the
main sources of Galactic CRs. Balmer emission could
be used also to gather information on the CR-precursor
length, on the magnetic damping in the precursor and on
the electron-to-proton temperature equilibration. Unfor-
tunately the quality of data or the lack of important in-
formation (like the shock proper motion) prevent a bet-
ter determination of the CR acceleration efficiency as
well as other parameter involved in the theory. How-
ever the good news is that the amount and the quality of
the data concerning the Balmer emission will increase
soon in the next few years. For this reason the analy-
sis of Balmer emission can be regarded as one of the
most powerful technique to study the process of shock
acceleration and, more generally, to study the physics of
collisionless shock.
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